The accessory Sec system is a specialized transport system that exports serine-rich repeat (SRR) glycoproteins of Gram-positive bacteria. This system contains two homologues of the general secretory (Sec) pathway (SecA2 and SecY2) and several other essential proteins (Asp1 to Asp5) that share no homology to proteins of known function. In Streptococcus gordonii, Asp2 is required for the transport of the SRR adhesin GspB, but its role in export is unknown. Tertiary structure predictions suggest that the carboxyl terminus of Asp2 resembles the catalytic region of numerous enzymes that function through a Ser-Asp-His catalytic triad. Sequence alignment of all Asp2 homologues identified a highly conserved pentapeptide motif (Gly-X-Ser 362 -X-Gly) typical of most Ser-Asp-His catalytic triads, where Ser forms the reactive residue. Site-directed mutagenesis of residues comprising the predicted catalytic triad of Asp2 of S. gordonii had no effect upon GspB transport but did result in a marked change in the electrophoretic mobility of the protein. Lectin-binding studies and monosaccharide content analysis of this altered glycoform revealed an increase in glucosamine deposition. Random mutagenesis of the Asp2 region containing this catalytic domain also disrupted GspB transport. Collectively, our findings suggest that Asp2 is a bifunctional protein that is essential for both GspB transport and correct glycosylation. The catalytic domain may be responsible for controlling the glycosylation of GspB, while other surrounding regions are functionally required for glycoprotein transport.
T he accessory Sec system of Gram-positive bacteria is dedicated to the export of a family of glycosylated serine-rich repeat (SRR) proteins (30) . These surface proteins are increasingly being recognized as important virulence factors for their respective pathogens. The SRR proteins GspB and Hsa of Streptococcus gordonii, together with SraP of Staphylococcus aureus, are plateletbinding adhesins that contribute to the pathogenesis of infective endocarditis (4, 36, 45) . In addition, the SRR proteins of Streptococcus pneumoniae and group B streptococcus have been characterized as surface adhesins mediating microbial persistence within the lung and adhesion to brain microvascular endothelial cells, respectively, thereby instigating invasive disease (28, 35, 42) .
Each SRR protein is encoded within an operon that also encodes components responsible for its glycosylation and transport to the cell surface. In Streptococcus gordonii, the accessory Sec system is comprised of SecA and SecY homologues (SecA2 and SecY2), suggesting that a Sec-like mechanism may be utilized for protein transport. Indeed, SecA2 has ATPase activity, and both SecA2 and SecY2 have domain organizations that match those of their Sec counterparts (6, 41) . The remaining 5 components, termed Asps (accessory Sec proteins), share no significant sequence homology to any protein of known function, and it remains unclear how these Asps contribute toward the transport process.
Our studies in S. gordonii have shown that these Asps can interact with each other, SecA2, and GspB and that at least some of these interactions are essential for export. Asp3 and Asp2 can directly bind to unfolded regions of GspB, suggesting that these Asps may function in part as molecular chaperones to facilitate GspB trafficking out of the cell (46) . In addition, we have shown that Asp3 can also bind to other members of the accessory Sec system (Asp1, Asp2, and SecA2), implicating Asp3 as a central component of the accessory system (34) .
Glycosylation of GspB is carried out by four other proteins encoded within the same SRR operon. Modification of GspB is initiated by two glycosyltransferases (GtfA and GtfB), which catalyze the transfer of N-acetylglucosamine (GlcNAc) to the SRR regions of GspB (3, 39) . Gly and Nss further add to the glycan composition of GspB, with Nss being responsible for glucose deposition (40, 48) . Both GtfA and GtfB are present in all bacteria encoding an SRR operon (24) , and their functions in GlcNAc deposition appear to be conserved (9, 26) . The number and apparent type of glycosyltransferases accompanying GtfA and GtfB differ among SRR operons (24) . Gly and Nss themselves can be either absent or encoded alongside other glycosyltransferases. Such variation in the number of encoded glycosyltransferases among SRR operons is thought to contribute to the glycan variations present in SRR proteins (40, 47) .
Since the transport or glycosylation of GspB involves different sets of proteins, the two processes have been thought to be largely independent of one another. Although glycosylation of full-length GspB is essential for its stability, previous studies have not shown any overlap between these events. Indeed, some truncated, nonglycosylated forms of GspB are relatively stable in the absence of glycosylation and are efficiently exported by the accessory Sec system (34) . These and other results have indicated that export does not require GspB glycosylation and have further suggested that the modification of GspB is independent of the transport process. In an attempt to gain a better understanding of Asp function, we conducted detailed sequence analyses of the accessory Sec components of Streptococcus gordonii. We now report that Aps2 shares structural homology to a group of en-zymes that utilize a Ser-His-Asp catalytic triad for enzymatic function. Moreover, disruption of this catalytic triad results in the export of an aberrantly glycosylated form of GspB, suggestive of a role for Asp2 in glycosylation. Thus, Asp2 appears to be a bifunctional protein possessing a role in both the transport and the glycosylation of GspB.
MATERIALS AND METHODS
Strains and growth conditions. All strains and plasmids used in this study are listed in Table 1 . S. gordonii strains were grown in Todd-Hewitt broth (THB). Escherichia coli DH5␣ served as a host for cloning purposes. E. coli was grown at 37°C under aeration in Luria broth (LB). When appropriate, the following antibiotics were added to the media at the indicated concentrations, unless stated otherwise: ampicillin, 50 g ml Ϫ1 for E. coli; chloramphenicol, 34 g ml Ϫ1 for E. coli and 5 g ml Ϫ1 for S. gordonii; kanamycin, 30 g ml Ϫ1 for E. coli; erythromycin, 500 g ml Ϫ1 for E. coli and 60 g ml Ϫ1 for S. gordonii; spectinomycin, 50 g ml Ϫ1 for E. coli and 100 g ml Ϫ1 for S. gordonii. DNA manipulations. Routine molecular biology techniques for cloning, sequencing, and PCR amplification were performed as described previously (32) . Chromosomal DNA was isolated from S. gordonii as described by Madoff et al. (25) . Plasmid DNA was isolated from E. coli using miniprep columns (Qiagen). DNA restriction and modification enzymes were used according to the manufacturer's recommendations (NEB). E. coli cells were transformed following CaCl 2 treatment (32), while S. gordonii was transformed by competence-induced transformation as described previously (5) .
Site-directed mutagenesis. Alanine replacement mutations within asp2 were made by a two-stage PCR procedure. For codon conversion to alanine, overlapping primers (Table 2) were used with either primer pETasp2-F (5=-GCATATGAAGATTCAAAAACATAAGGAA) or primer pETasp2-R (5=-CGTTCTCGAGTAACCATTTGACTCCTCTAAA) (underlining indicates NheI and XhoI restriction sites in pETasp2-F and pETasp2-R, respectively) to generate overlapping DNA fragments spanning the entire asp2 open reading frame. The two DNA fragments were combined for the second-stage PCR and then amplified using primers pETasp2-F and pETasp2-R. Amplified products were digested with the appropriate restriction enzymes and ligated into similarly digested pET28b. The confirmed asp2 mutants were subsequently cloned in pMSP3545. Sequence analysis was used to verify the correct mutation. Construction of asp2 deletion strains. The deletion of accessory sec genes from S. gordonii strains that express GspB736flag has been described previously (7) . PS463 and PS465 are isogenic variants of the parent strain Streptococcus gordonii M99 that express His 6 -tagged GspB1070 (GspB1070 His6 ) and GspB3029 His6 , respectively (5) . Both of these strains were used to construct mutants having deletions of asp2 through nonpolar allelic exchange, as described previously (7).
Asp2 protein purification. Plasmid pET28b (Novagen) was used for the synthesis of an N-terminally His 6 -tagged Asp2 fusion protein, which was constructed as follows. A DNA fragment containing the entire coding sequence of asp2 was amplified from S. gordonii strain M99 chromosomal DNA using Vent high-fidelity polymerase (NEB) with primers pETasp2-F and pETasp2-R (incorporating 5= NheI and 3= XhoI restriction sites, respectively). The resulting PCR product was cloned into pET28b, creating an in-frame insertion of a His 6 tag at the N terminus, and pET28b was transformed into E. coli OverExpressC43(DE3) (Lucigen). The identity of the cloned DNA fragment was verified through restriction digestion analysis and DNA sequencing. For induction of His 6 -tagged Asp2 ( His6 Asp2) protein expression, E. coli was grown at 37°C in LB medium supplemented with kanamycin. At an optical density at 600 nm of 0.6, isopropyl-␤-D-thiogalactopyranoside (IPTG) was added at a final concentration of 1 mM, and cells were grown for a further 2 h at 25°C to induce expression. Induced cultures were pelleted and resuspended in lysis buffer (50 mM Na phosphate, pH 8, 150 mM NaCl, 10 mM imidazole, and 1% Triton X-100). Cells were lysed by sonication, and His6 Asp2 protein was purified from the clarified lysates under native conditions by affinity chromatography, using Ni 2ϩ -nitrilotriacetic acid agarose (Qiagen). Purified Asp2 protein was reconstituted in storage buffer (25 mM HEPES, pH 7.4, 150 mM NaCl, and 5% glycerol) and stored in aliquots at Ϫ80°C until required for use.
Hydrolase and esterase activity. Hydrolase activity was determined as described by Gladden et al. (16) . In brief, p-nitrophenyl-␤-D-glucopyranoside at a final concentration of 1 mg ml Ϫ1 was mixed with 20 g of purified Asp2 in 50 mM sodium acetate in a total reaction volume of 100 l. The mixture was heated to 70°C and incubated for 1 h, and the reaction was quenched by adding 50 l of cold 2% NaCO 3 . The release of pnitrophenol was measured by recording the change of the absorbance at 405 nm.
Esterase activity was determined by measuring the hydrolysis of the p-nitrophenyl (pNP) esters of acetate (C 2 ), butyrate (C 4 ), caproate (C 6 ), caprylate (C 8 ), caprate (C 10 ), laurate (C 12 ), myristate (C 14 ), and palmitate (C 16 ). pNP esters were dissolved in acetonitrile to give a stock concentration of 50 mM. In a total reaction volume of 200 l, 0.1 mM pNP ester in 50 mM Tris HCl (pH 8) containing 4% ethanol was used as a substrate in a 96-well microtiter plate assay. Purified Asp2 and its variants were added to the mixture, and the reaction was allowed to proceed for 30 min at 30°C. The release of p-nitrophenol was measured by recording the change of the absorbance at 405 nm. A recombinant esterase from Bacillus stearothermophilus (Sigma) served as a positive control for esterase activity.
Coexpression studies. Glutathione S-transferase (GST)-tagged GspB1060 ( GST GspB1060) was amplified from pGST-GspB S2L (39) and cloned within the first multiple-cloning site (MCS) of pACYCDuet. DNA encoding gtfA and gtfB was amplified as a single DNA fragment from pGEX-GspB S1-BR -G-04 (39) and cloned within the second MCS of pACYCDuet. DNA encoding nss or gly was cloned as an N-terminal hemagglutinin (HA) tag fusion ( HA nss and HA gly, respectively) within the IPTGinducible plasmid pCDFDuet, while asp2 was cloned as an N-terminal Flag tag fusion within pETDuet. E. coli OverExpressC43(DE3) cells were simultaneously transformed with the designated plasmid set, and recombinant colonies were selected on plates containing the appropriate antibiotics (ampicillin, 25 g ml Ϫ1 ; chloramphenicol, 17 g ml Ϫ1 ; spectinomycin, 25 g ml Ϫ1 ). Coexpression of GST GspB1060 with defined glycosylation and accessory Sec components was carried out as described previously (39) . E. coli lysates were probed with biotinylated succinylated wheat germ agglutinin (sWGA) or anti-GST antibodies to identify GST GspB1060.
Far Western blot analysis. Culture medium containing nonglycosylated GspB736flag secreted from strain M99 was reconstituted in 4ϫ LDS sample buffer (Invitrogen). Proteins were separated by SDS-PAGE (4 to 12% gradient) and transferred to nitrocellulose membranes. The membranes were blocked by incubating for 2 h in phosphate-buffered saline (PBS) containing 5% (wt/vol) skimmed milk at room temperature, followed by 2 h of incubation in PBS-0.05% Tween containing recombinant His6 Asp2 protein (1 M). Membranes were washed 3 times for 15 min in PBS-0.05% Tween, and bound His6 Asp2 was detected with mouse antiHis6 antibody (GE Amersham). Membranes were developed as previously described.
Densitometry analysis. To quantify differences in GspB transport, blots were incubated at room temperature (RT) with mouse anti-Flag antibody (Sigma), used at a concentration of 1:5,000 for 2 h, followed by another 90 min incubation with a 1:20,000 dilution of Alexa Fluor 680 anti-mouse IgG (LI-COR Biosciences). Immunoreactive bands were visualized using a LI-COR infrared imager (LI-COR Biosciences) at 700 nm. Band intensity was measured using Odyssey (version 3.0) software. 2D gel electrophoresis. Fifteen milliliters of culture medium from logarithmically growing cells (containing comparable densities of bacteria [in numbers of CFU/ml]) was concentrated 10-fold with an AmiconUltra 15 centrifugal filter device (Millipore). Concentrated proteins were processed using a two-dimensional (2D) ReadyPrep kit (Bio-Rad) and suspended in 8 M urea, 2% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, 0.2% Bio-Lyte 3/10 ampholytes, 50 mM dithiothreitol, and 0.002% bromophenol blue. Protein was hydrated onto pH 4 to 7 immobilized pH gradient strips (Bio-Rad) overnight and then focused for 30,000 V-h. Strips were then embedded into 3 to 8% gradient Tris-acetate SDS-polyacrylamide gels to resolve in the second dimension. Gels were either stained with Imperial protein stain (Thermo Scientific) or transferred to nitrocellulose for Western blot analysis.
Whole-cell lectin-binding assay. The ability of S. gordonii strains to bind to a panel of lectins was assessed as described previously (3, 40) . All lectins tested were biotinylated (Vector) and used at the following concentrations: WGA, 1 g ml Ϫ1 ; concanavalin A (ConA) and sWGA, 2 g ml Ϫ1 ; and Griffonia simplicifolia lectin (GSL-I, GSL-II) and Maackia amurensis lectin (Mal II), 10 g ml Ϫ1 . Monosaccharide composition analysis. Secreted GspB2064 (previously described as GspB194) was purified from strain M99 culture supernatants for monosaccharide content as previously described (3) . Monosaccharide analysis of purified GspB2064 was performed by the Glycotechnology Core Resource at the University of California, San Diego.
Mutagenesis of asp2. Random, in-frame insertions of Tn5 within asp2 were generated as described previously. In brief, an EcoRI-XhoI restriction fragment of asp2 was cloned into pBluescript⌬NotI. The resulting construct, pBluescriptKS-asp2, was subjected to EZ-Tn5 transposition, and the transposition mixture was used to transform E. coli. Colonies containing EZ-Tn5ϽKANϾ insertions within asp2 were identified by PCR, and the kanamycin resistance (KAN) cassette was removed through NotI restriction digestion. The religated plasmid contained asp2 with a random 19-codon in-frame insertion. The mutated EcoRI-XhoI asp2 gene fragment was amplified using primers ORF3C5 and ORF3C2 (40) , digested with BamHI and XbaI, and cloned into similarly digested pMSP3545asp2. The resulting plasmids were sequenced to confirm the presence of the EZ-Tn5 mutation and introduced into S. gordonii strain PS1243 (asp2 deletion [⌬asp2] strain). Supernatants and protoplasts prepared from nisin-induced cells were collected and probed for secreted GspB736flag and Asp2 expression as described previously (7) .
Bacterial binding to sialyl-T antigen. S. gordonii strains were grown for 18 h, washed twice with Dulbecco's PBS (DPBS), sonicated briefly to disrupt aggregate cells, and then diluted to 1 ϫ 10 7 ml Ϫ1 . Fifty microliters of bacterial suspensions was then applied to wells of a NeutrAvidin-coated microtiter plate that had been coated with 20 M biotinylated sialyl-T antigen (GlycoTech Corporation). After 2 h of incubation at room temperature under vigorous shaking, the unbound bacteria were removed by aspiration. Wells were washed three times with DPBS, and the bound bacteria were released by trypsin treatment (1 h incubation with 50 l of 1 mg ml Ϫ1 trypsin at room temperature). The number of input and bound bacteria was determined by plating serial dilutions of the bacterial suspensions on sheep blood agar plates, and the binding was expressed as the percentage of the input bound to sialyl-T antigen. Results are reported as the mean Ϯ standard deviation (SD; with n ϭ 5). Differences in binding were compared by the unpaired t test.
RESULTS
The C-terminal region is important for Asp2-mediated export. Although Asp2 is essential for GspB transport, its precise role in export is unknown. Traditional BLASTP analysis of the primary amino acid sequence has failed to identify significant sequence similarity to any protein of characterized function, except to other Asp2 homologues. To determine what features of Asp2 are necessary for GspB export, a series of random in-frame transposon insertions of asp2 was generated, and they were assessed for their ability to support GspB736flag secretion (GspB736flag is a truncated version of GspB that has the same requirements for transport as the native glycoprotein but lacks a cell wall-anchoring domain, enabling it to be freely secreted into the culture medium).
A total of 10 mutations spanning the entire length of the coding sequence were produced within asp2 (Fig. 1) . These mutant alleles were used to complement a strain M99 variant (PS1243) containing a deletion of asp2, and the resulting transformants were tested for the ability to support export of GspB736flag. Western blot analysis of the protoplast fraction of the complemented strains showed comparable expression levels of all the Asp2 variants (Fig.  1D) . Export of GspB736flag was maintained in Asp2 containing insertions at amino acids (aa) 98, 105, 237, 311, 340, 391, and 466. Insertion at amino acid 391 appeared to have a minor effect upon transport, with a partial effect manifesting in an accumulation of GspB736flag within the protoplast. Interestingly, an insertion at amino acid 98 resulted in a GspB736flag with altered electrophoretic mobility, suggesting that Asp2 can affect the glycosylation of GspB. In contrast, export was abolished by insertions at amino acids 345, 358, and 450, where a clear accumulation of GspB736flag was seen within the protoplast fraction, confirming an export defect. Analysis of these Western blots by densitometry confirmed that insertion at amino acids 345, 358, and 450 resulted in a clear reduction in GspB736flag export to the culture medium, with a corresponding accumulation of the preprotein within the protoplast (Fig. 1C) . Collectively, these findings suggest that the C-terminal end of Asp2 is essential for GspB secretion.
Asp2 shares structural similarities to proteins possessing a Ser-His-Asp catalytic triad. The finding that a particular domain of Asp2 was essential for GspB transport prompted us to analyze what determinants within this region may be responsible. To this end, we examined the predicted structural similarities of Asp2 to other proteins in the public databases. The tertiary structure prediction programs PHYRE2 (19) , HHpred (37), Robetta (20) , and SMART (22, 33) consistently identified a region within the C-terminal half of Asp2 resembling the catalytic region of numerous enzymes that utilize a Ser-His-Asp catalytic triad for catalytic activity. PHYRE2 identified the closest structural homologue as a copper-inducible hydrolase of Bacillus cereus (20% sequence identity with 98.1% confidence), followed by a 2,6-dihydropseudooxynictotine hydrolase from Arthrobacter nicotinovorans (12% sequence identity, 98.1% confidence) and a carboxylesterase of Mesorhizobium loti (12% sequence identity with 98% confidence). Enzymes possessing an identical catalytic triad were also identified as structural homologues from HHpred (Fig. 2) and Robetta analysis, with the esterase EstA of S. pneumoniae consistently being identified as a structural homologue to the C-terminal half of Asp2. In addition, protein domain analysis using the SMART algorithm identified an ␣/␤ hydrolase domain within aa 274 to 389 of Asp2, comparable to the region showing structural similarity to bacterial esterases. In combination, these findings suggest that the C terminus of Asp2 may possess enzymatic activity that involves a conserved Ser-His-Asp catalytic triad.
Mutation of the catalytic triad affects the electrophoretic mobility of GspB but not transport. Since Asp2 is required for GspB export, we first examined whether the predicted catalytic triad was important for the transport of the glycoprotein. To directly test this, we generated a series of alanine substitutions specifically targeting residues predicted to be essential for catalytic activity. Structural modeling of the carboxyl-terminal region of Asp2 identified residues Ser362, Glu452, and His482 as constituting a catalytic triad, when threaded on multiple enzymes (where Ser362 was found to reside within the putative catalytic GXSXG motif) (Fig. 3) . To determine whether these residues did indeed constitute a catalytic triad, Ser362, Glut452, and His482 together with other candidate catalytic residues (Ser318, Ser331, Ser352, Ser359, Glu451, and Asp453) were replaced by alanine, which is known to eliminate catalytic activity (1, 43) . Mutant alleles were cloned within the nisin-inducible expression plasmid and used to complement an asp2 deletion in strain PS1243.
Complementation with His6 asp2 in trans restored GspB736flag secretion into the culture medium, with little to no preprotein retention within the protoplasts (Fig. 4A) . Similarly, all of the asp2 
FIG 2
Predicted structural homology analysis of Asp2. The predicted structural similarity of Asp2 to proteins with a solved crystal structure was assessed using the homology detection and structure prediction server HHpred (http://toolkit.tuebingen.mpg.de/hhpred). Proteins exhibiting structural similarity are shown aligned to the relevant region of Asp2 and are listed with their Protein Data Bank functional designation together with their species of origin. mutants tested also restored secretion of GspB736flag into the culture medium, indicating that replacement of these residues does not affect the export of GspB736flag. Interestingly, a slight change in electrophoretic mobility was observed in GspB736flag secreted from PS1243 complemented with the Ser362, Glu452, or His482 alanine replacement mutant (Fig. 4A) .
We next examined the Asp2 mutants for their ability to export native full-length GspB. The Asp2 mutants were used to complement an asp2 deletion in strain PS614, which expresses full-length cell wall-anchored GspB. As was observed with GspB736flag export, complementation with wild-type (WT) Asp2 and all of the alanine replacement mutants restored GspB surface expression, as the protein was now readily detectable in the cell wall fraction. However, the GspB exported by strains expressing the Asp2 variants with substitutions in the catalytic triad (Ser362, Glu452, and His482) migrated with a higher molecular mass than the WT protein. Furthermore, GspB secreted from S. gordonii expressing these Asp2 variants was more readily detectable with anti-GspB antiserum, an antibody predominately reactive against the carbohydrate moieties present on native GspB (3, 40) (Fig. 4B) . Collectively, these findings indicate that the catalytic triad present within Asp2 does not influence the export of GspB but is important for the posttranslational modification of the protein.
The Srr region is a site of Asp2 activity. The observation that 
FIG 4 Effects of mutating the catalytic triad upon the export of GspB736flag and native GspB. Western blot analysis of GspB736flag (A) and native full-length
GspB (B) export by S. gordonii strains carrying the designated serine-alanine substitutions within Asp2. Residues constituting the catalytic triad of Asp2 are highlighted in red. Culture media (M) and protoplasts (P) were collected from exponentially growing strains, while cell wall (CW) proteins were released by mutanolysin digestion, as described in the Materials and Methods. Proteins were separated by SDS-PAGE (3 to 8%) and analyzed by Western blotting, using anti-Flag antibody to detect GspB736flag and anti-GspB serum to detect native GspB. GspB*, the excessively glycosylated form of GspB due to Asp2 mutation; Asp2}, an overexposure of native GspB detected with anti-GspB serum.
mutating the catalytic triad of Asp2 had a greater impact on the electrophoretic mobility of native GspB than the truncated variant GspB736flag suggested that the site of Asp2 activity was within the SRR2 region (a target site for glycosylation). This was consistent with our previous finding that Asp2 could bind the SRR regions directly (46) . To define the regions of GspB affected by Asp2, we expressed a series of GspB C-terminal truncates differing in the length of their SRR2 region and assessed the effects of the S362A mutation upon export and electrophoretic mobility (Fig. 5) . We first examined by Western blotting the export of GspB1060, which has an SRR2 region that is 324 aa longer than that of GspB736flag. When expressed in the presence of native Asp2, GspB1060 was exported into the culture medium as a 268-kDa band, while export of this variant in an Asp2
S362A background resulted in a form of GspB exhibiting a larger apparent mass (approaching 460 kDa), with no accumulation seen within protoplasts, suggesting that transport is not affected by this mutation. This slower migration pattern became more pronounced in exported GspB variants containing more of the SRR2 region (GspB2061 and GspB3029). Moreover, the size of GspB secreted by the catalytic mutant mirrored the size of nonexported GspB in the corresponding ⌬asp2 strain (data not shown). In combination, these findings suggest that the effect of altering the catalytic site of Asp2 becomes more apparent as the number of glycosylation sites (the SRR region) increases.
Mutations in the catalytic triad of Asp2 alter glycosylation of GspB. Changes in the electrophoretic mobility of glycoproteins can often be associated with a change in glycan content. To directly test this possibility, we examined the glycosylation of fulllength GspB expressed by M99 strain PS614 (an asp2 deletion strain) complemented with selected variants of Asp2. Immobilized bacteria were probed with a panel of lectins (ConA, WGA, sWGA, Mal II, GSL-I, and GSL-II) that recognize glycans present on GspB. As was seen for PS614 complemented with asp2, GspB expressed in the background of any of the asp2 mutants also exhibited detectable binding to all of the lectins tested (Fig. 6A) , suggesting that glycan structures found in native GspB are still present in the Asp2 mutant strains. Interestingly, bacteria expressing GspB in an Asp2 background with the S-to-A change at amino acid 362 (Asp2 S362A ) had significantly higher levels of sWGA and GSL-II binding than WT Asp2 (P Ͻ 0.05). Since both lectins bind glucosamine, these findings indicated that the carbohydrate composition of GspB was altered, with higher levels of the monosaccharide being produced by the Asp2 S362A variant. To confirm that this change in lectin binding by bacteria was due to GspB, we assessed lectin binding to a secreted form of GspB. M99 strain PS615 was complemented with either asp2 or the asp2 variants, and the culture supernatants were probed with sWGA to detect secreted GspB2061. A band with a molecular mass corresponding to that of GspB2061 was identified in the culture supernatants of cells complemented with asp2, asp2 S318A , asp2 S331A , asp2 S352A , and asp2 S359A , while sWGA failed to recognize any proteins secreted in PS615 transformed with the vector alone (Fig. 6B) . Consistent with the whole-cell lectin-binding assay, the higher-molecularmass form of GspB2061 from the strain complemented with asp2 S362A (also previously recognized with anti-GspB; Fig. 5 ) bound considerably more sWGA than GspB2061 secreted from any other Asp2 background. These combined results suggest that mutation of the catalytic triad within Asp2 leads to a change in the carbohydrate content of GspB by either an increase in GlcNAc levels or a removal of the distal sugars that may mask GlcNAc.
The Asp2 S362A mutation leads to an excessive GlcNAc deposition. To more directly characterize the change in GspB glycosylation resulting from the S362A mutation, we assessed the impact of this mutation on the monosaccharide content of GspB2061. We have previously characterized the monosaccharide composition of this secreted form of GspB and have shown that it is comparable to that of the native glycoprotein (3). GspB2061 exported in a WT Asp2 background predominantly contained glucose and GlcNAc, with minor amounts of N-acetylgalactosamine, galactose, fucose, and mannose (Table 3) , consistent with previous reports. The same monosaccharides were also detected on GspB2061 when exported in an Asp2 S362A background. However, the amount of GlcNAc liberated from this form of GspB was approximately 5-fold greater than that seen on native GspB2061, with minor changes in the amounts of galactose and fucose also detected ( Table 3 ).
This increase in the content of GlcNAc (a sugar of neutral charge) of GspB was further assessed through 2D electrophoretic analysis of secreted GspB2061. Nonglycosylated GspB has a predicted pI of 3.9, while the truncated variant GspB2061 has a predicted pI of 4.08, indicating that both are acidic proteins. Indeed, glycosylated GspB2061 was resolved over a pI range of 4 to 5, suggesting that its native glycan composition did not strongly influence the pI (Fig. 7) . Furthermore, a shift from heterogeneity of native GspB2061 to an exclusive high-molecular-mass glycoform exported from the Asp2 S362A variant, both at the same pI position, indicates a change in molecular mass and not net charge. These results, in combination with the lectin affinity analysis described above, demonstrate that the disruption of the catalytic triad within Asp2 leads to an increase in the GlcNAc content of GspB.
Asp2 does not exhibit direct hydrolase or esterase activity. As mentioned above, structural similarity analysis indicated that Asp2 resembles a number of esterases and hydrolases that utilize a Ser-Asp-His triad for catalytic activity. This prompted us to examine directly whether Asp2 indeed possessed esterase or hydrolase activity. Recombinant His6 Asp2 and His6 Asp2 S362A were purified to homogeneity, and each was assessed for enzymatic activity against pNP ester and hydrolase substrates. When tested against a panel of monoesters of various chain Western blot analysis of secreted GspB variants in culture media (M) or in protoplasts (P). S. gordonii ⌬asp2 strains were complemented with either native asp2 or asp2 S362A . Proteins were separated by SDS-PAGE through 3 to 8% polyacrylamide gradient gels and subjected to Western blot analysis using anti-GspB antiserum. lengths (C 2 to C 16 ), neither His6 Asp2 nor His6 Asp2 S362A exhibited significant activity in comparison to that of a defined esterase from Bacillus stearothermophilus (Fig. 8A) . Similarly, both His6 Asp2 and His6 Asp2 S362A displayed low activity against the hydrolase substrate (pNP-N-acetyl-␤-D-glucosaminide) (data not shown). Collectively, these findings suggest that under the conditions tested, Asp2 does not possess detectable esterase or hydrolase activity.
Asp2 does not affect the activity of GtfA/GtfB, Nss, or Gly. The observation that expression of the Asp2 catalytic mutant resulted in secretion of GspB with increased GlcNAc content suggested that Asp2 could either modify GspB directly or affect the activity of GtfA, GtfB, Gly, or Nss. Of note, GtfA and GtfB act synergistically to add the proximal GlcNAc sugar, while Gly and Nss add distal sugars to the final glycan composition of GspB (3, 40) . To test these possibilities, we examined the impact of Asp2 on the glycosylation of the SRR regions of GspB, when expressed in conjunction with the four glycosylation proteins. We utilized an established in vivo glycosylation system where truncated forms of GspB undergo glycosylation in E. coli, when coexpressed with the above-described proteins (39) . This system permits the specific coexpression of different glycan-modifying proteins in conjunction with a GspB variant, thereby permitting analysis of the specific contribution of each protein in glycosylation.
We first assessed the glycosylation of a GST-GspB variant encompassing the SRR1-BR and SRR2 regions of GspB1060 by GtfA/ GtfB. As expected, little to no GspB was detected in cell lysates when expressed by itself (Fig. 8B) . This is consistent with our previous findings, where any GspB variant with an SRR region longer than ϳ100 aa is unstable if nonglycosylated (7). Coexpression with GtfA/GtfB resulted in the appearance of GspB that was recognized by both anti-GST and sWGA, with recognition by the latter indicative of modification with GlcNAc (Fig. 8B) . Coexpression of GspB with either Nss or Gly failed to produce any detectable GspB (results identical to those shown in the first lane of Fig.  8B ), as these enzymes require the deposition of GlcNAc to modify GspB (39, 40) . Expression of all four glycosylation proteins resulted in a form of GspB with an apparent molecular mass that was larger than that seen with GtfA/GtfB alone, indicating that additional glycan modification had occurred. However, no changes in the electrophoretic mobility of these GspB glycoforms were evident in E. coli when collectively expressed with Asp2 or its catalytic mutant, suggesting that Asp2 does not directly affect the activity of GtfA/GtfB, Gly, or Nss on GspB. Moreover, no enzymatic cleavage of Gly and Nss was observed within E. coli lysates when coexpressed with Asp2 or its catalytic mutant (data not shown), suggesting that Asp2 does not directly process the enzymes mediating glycosylation. These findings are consistent with those of zymogram analysis of purified recombinant Asp2, where no protease activity was observed (data not shown). In aggregate, these data indicate that Asp2 does not directly affect the glycosylation activities of GtfA/GtfB, Gly, and Nss. Incorrect glycosylation of GspB leads to a reduced binding to sialyl-T antigen. The finding that GspB can be produced and exported as a different glycoform following Asp2 mutation raised the issue of whether this altered glycosylation had an impact on the biologic activity of the glycoprotein. One function of GspB is to mediate attachment to human platelets through the interaction of the nonglycosylated binding region to sialyl-T antigen, an Olinked saccharide found on the platelet membrane glycoprotein Ib␣ (GPIb␣). To examine the impact of aberrant glycosylation on GspB function, we compared binding to immobilized sialyl-T antigen by strain PS614 complemented with asp2 and PS614 complemented with the asp2 S362A variant. As expected, PS614 expressing WT asp2 exhibited high levels of binding to sialyl-T antigen compared with that of the asp2 deletion strain (Fig. 9) . Interestingly, PS614 expressing the Asp2 S362A mutation had significantly reduced binding to sialyl-T antigen, with levels being no higher than those seen with the asp2 deletion strain. These results indicate that the incorrect glycosylation of GspB can impair binding to its host receptor.
DISCUSSION
The SRR glycoproteins are a family of adhesins that are increasingly recognized as important virulence factors expressed by Gram-positive bacteria. They are unique virulence determinants, in that glycosylated proteins are strikingly rare among Gram-pos-
FIG 7
Positional shift of secreted Gsp2061 due to asp2 mutation. M99 ⌬asp2 complemented with asp2 S362A (A) or wild-type asp2 (B) was grown to mid-log phase, and the culture media were analyzed by 2D electrophoresis. Different glycoforms of secreted GspB2061 were detected using anti-GspB antiserum. Arrows, positional shift of native GspB2061 (boxed in green) to a larger variant glycoform (boxed in red) due to asp2 mutation. IEF, isoelectric focusing. itive bacteria, and they are exported to the cell surface through a dedicated transport system. Both glycosylation and export involve multicomponent processes. Studies within S. gordonii show that glycan production and assembly are mediated through 4 sugarmodifying enzymes (GtfA, GtfB, Nss, and Gly), while GspB transport is accomplished through the coordinated activity of a 7-component accessory Sec system. We have previously shown that GspB glycosylation occurs independently of export and that glycosylation is not required for transport by this pathway (7) .
The roles of the Asps in this specialized export system remain elusive. Asp2 is one of the least-characterized components of the accessory Sec system. We identified a serine-based catalytic triad within the C-terminal end of the protein, a motif that forms the catalytic site for a diverse group of enzymes, including proteases, lipases, hydrolases, and esterases (2, 14, 31) , mutation of which led to an aberrantly glycosylated but exported form of GspB. This altered glycosylation was due to an increase in GlcNAc content, suggesting that the enzymatic activity of Asp2 was either directly or indirectly involved in the glycosylation of GspB. In addition, mutation of these key catalytic residues did not affect the ability of Asp2 to support GspB export, indicating that this catalytic activity is dispensable for transport.
The precise substrate and catalytic step mediated through the enzymatic activity of Asp2 remains to be elucidated. However, our studies showed that Asp2 did not influence the activity of Gly or Nss or the ability of GtfA and GtfB to initiate glycosylation. These findings are consistent with the possibility that Asp2 may directly modify glycosylated GspB. Protein glycosylation, involving numerous glycan-modifying components, generally employs a glycan-processing or -trimming step to ensure export of a correct glycoform (17, 18, 21) . Loss in trimming of eukaryotic glycoproteins is associated with hyperglycosylation (10, 17, 27) , as was seen in GspB following Asp2 mutation. Interestingly, glycoside hydrolases (which cleave glycosidic linkages to release a sugar moiety) are associated with trimming and typically function through a serine-based catalytic triad (15) . Although the native glycan structure present on GspB has yet to be determined, it is possible that Asp2 may function in a similar role toward maintaining a particular glycoform of GspB.
Asp2 alone failed to exhibit detectable enzymatic activity against a panel of synthetic esters and hydrolase substrates, suggesting that the catalytic activity seen in S. gordonii requires additional cofactors to be reproduced in vitro. Of note, we have previously shown that Asp3 can mediate multiple protein-protein interactions among the accessory Sec components (34). Thus, it is possible that Asp2 forms a multimeric protein complex with one or more of these transport proteins that facilitates its catalytic activity. Precedent for this can be seen in the glycosylation machinery utilized within the Golgi apparatus, where a conserved oligosaccharyl transferase complex (COG) is responsible for Nlinked protein glycosylation. Such complex formation not only enables colocalization of the glycosylation components, so that they may function in sequence, but also serves as a means to control the activity of each enzyme individually (11, 12) . The contributory role of other accessory Sec components toward the catalytic activity of Asp2 is being vigorously pursued.
Interestingly, complex formation between homologues of the Asps in other SRR pathogens has also been described to be important for the glycosylation of SRR proteins. In Streptococcus parasanguinis, disruption of an interaction between Gap1 and Gap3 (Asp1 and Asp3 homologues, respectively) results in the export of a high-molecular-mass form of Fap1 (the SRR protein of S. parasanguinis) (23, 29, 44) . It has been proposed that this high-molecular-mass variant represents an intermediate Fap1 glycoform and that these proteins (with Gap1 proposed to be a possible glycosyltransferase) contribute toward the final glycosylation state of Fap1 (23) . Asp1-Asp3 binding has also been identified in S. gordonii, although no effect upon GspB glycosylation was evident following disruption of this interaction (34) . However, the ability of Asp3 to bind both Asp1 and Asp2 is consistent with the possibility that a larger protein complex may be required for effective GspB glycosylation.
Although the catalytic mutants of Asp2 (S362A, E452A, and H489A) were still able to efficiently export GspB (albeit an aberrantly glycosylated form), several insertions surrounding the catalytic triad were found to negatively impact GspB transport. We have previously shown that Asp2 can directly bind the SRR region of GspB (46) . None of the catalytic mutants lost the ability to bind GspB (data not shown). However, if this protein interaction is necessary for GspB transport, it is a distinct possibility that the residues lining the catalytic site may be responsible for preprotein binding. Moreover, if GspB is indeed a substrate for Asp2, the binding of GspB near or at its catalytic site would promote efficient enzymatic activity. Alternatively, if Asp2 promotes a stable Asp-based complex, it could also indirectly affect GspB export if one or more of its binding partners have a direct role upon GspB transport (as has been speculated for Asp3 [34] ).
The observation that GspB can be expressed as a different glycoform with greater glycan deposition suggests that there are control mechanisms in place for GspB to maintain a particular glycosylation state. Furthermore, the significant reduction in strain M99 binding to sialyl-T antigen following aberrant glycosylation of GspB strongly suggests that maintenance of a particular GspB glycosylation state is physiologically relevant toward M99 binding to platelets. Indeed, excessive glycosylation could foreseeably lead to a conformational change of GspB or occlude its binding region, thereby preventing platelet adhesion. These findings support the concept that excessive glycosylation of an SRR protein affects its physiological function. Indeed, the ability to modulate glycosylation of GspB could serve as a means to regulate bacterial adhesin. Of note, Mistou et al. demonstrated that alterations in glycosylation of the SRR protein Srr1 of Streptococcus agalactiae resulted in impaired bacterial adhesion and reduced virulence (26) . These findings further demonstrate the necessity of linking the processes of glycosylation and protein transport in the biogenesis of an effective virulence factor.
Finally, the findings presented here show that a specific region within Asp2 is required to support GspB export while also influencing its glycosylation state. Indeed, Asp2 appears to be a novel bifunctional protein, acting as a mediator of GspB transport while also modulating its glycosylation. Although we have previously shown that the processes of GspB transport and glycosylation are separable, our findings presented here suggest that there is a convergence of the two pathways and that Asp2 may be responsible for the successful coordination of these two activities. Moreover, since the maintenance of a correct glycoform appears to be essential for SRR protein function, it would be advantageous to link the two processes. The contributory roles of other accessory Sec members toward GspB glycosylation are now being explored.
